ABSTRACT: In this work, two kinds of rare earth hypophosphites (REHP), lanthanum hypophosphite (LaHP) and cerium hypophosphite (CeHP), were synthesized and characterized. Subsequently, LaHP and CeHP were added into polylactide to improve its flame retardant properties. Thermal gravimetric analysis was employed to investigate the thermal decomposition behavior of REHP and flame retardant polylactide composites (FR-PLA). The fire performance evaluated by microscale combustion calorimetry and cone calorimeter clearly demonstrated that the addition of LaHP and CeHP resulted in significant reduction of the heat release rate, low total heat release, and compact intumescent char layer. Thermogravimetric analysis− infrared spectrometry testing indicated that the addition of REHP significantly decreased the yields of pyrolysis products. Furthermore, the crystallization behaviors of FR-PLA composites were investigated by differential scanning calorimetry. The char residue of FR-PLA composites after cone calorimeter testing were also be investigated by scanning electron microscope, Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy.
■ INTRODUCTION
In recent years, the increasing awareness of petroleum source and the environmental problems caused by persistent plastic wastes has impelled people to develop new ecofriendly and renewable materials to replace petroleum-based plastics. 1−3 Among these materials, polylactide (PLA) has received considerable attention because of its biodegradable, abundant renewable source, transparency and excellent mechanical properties. PLA holds tremendous promise in many fields, such as biomedical, household, engineering, packing industries, and so on. 4−8 However, like many other plastics, PLA presents poor flammability (typical limiting oxygen index (LOI) of 19.5 vol %, easily dripping in burning) in fire testing, which restricts its further development in some important fields. Therefore, it is meaningful to investigate flame-retarded PLA.
It is well-known that intumescent flame retardant (IFR) shows good performance in some polymers as a halogen-free additive due to the advantage of little smoke production and low toxicity. 9 Reti et al. 10 studied the efficiency of different intumescent formulations to flame retard PLA, and the quantity of the additives has been optimized. Feng and Zhan et al. have researched different intumescent flame retardant systems for preparation of FR-PLA composites that showed good performance in the testing. 10−12 Other flame retardant additives, such as expanded graphite, 13 aluminum hydroxide, 14 and silica gel 15 have also been reported.
Recently, aluminum hypophosphite (AHP) has been used as a flame retardant that has achieved effective flame retardance in polymer materials. Yang et al. found aluminum hypophosphite showed perfect flame retardancy in PET and PBT composites; 16, 17 20 wt % of AHP could make glass-fiber/PBT composite reach an UL-94 V0 rating with a LOI value of 29 vol %, and 10 wt % of AHP could make glass-fiber/PET composite reach an UL-94 rating with a LOI value of 30 vol %. Braun and Schartel found that aluminum hypophosphite exhibited good flame retardance for glass fiber reinforced PA-6,6. 18 Furthermore, Tang et al. 19 introduced aluminum hypophosphite into polylactide and found that 20 wt % AHP loading resulted in a V0 rating in UL-94 testing.
Rare earth metal salts, such as lanthanum and cerium, have been widely used as an effective flame retardant synergist and smoke suppressant. 20−24 Inspired by the reported flame retardance of aluminum hypophosphite and rare earth oxide, two kinds of trivalent rare earth hypophosphite, lanthanum hypophosphite and cerium hypophosphite, were synthesized and used to improve the flame retardance of PLA composites to provide a new strategy to prepare flame retardant PLA composites. The thermal stability and flame ratardance of FR-PLA composites containing rare earth hypophosphite were studied by thermal gravimetric analysis, LOI, UL-94 vertical burning test, microscale combustion calorimetry, and cone calorimeter. Moreover, the volatile gas of the flame retardant PLA composites was characterized by thermogravimetric analysis−infrared spectrometry. The crystallization behaviors were investigated by differential scanning calorimetry. The residue char after cone calorimeter test were also investigated by scanning electron microscopy, Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy.
■ EXPERIMENTAL SECTION
Materials. Lanthanum(III) chloride heptahydrate and cerium(III) chloride heptahydrate (analytical grade) were supplied by Ruibokang Rare Earth Materials Co., Ltd. Sodium hypophosphite (analytical grade) and concentrated hydrochloride acid were supplied by Sinopharm Chemical Reagent Co., Ltd. PLA resin (Nature Works 4032D) in granular form was supplied by Cargill Dow Inc. The deionized water was used in this work.
Synthesis of Rare Earth Hypophosphite. In typical experiment, 31.8 g (0.3 mol) of sodium hypophosphite was dissolved in 200 mL of deionized water, and the pH of the solution was regulated to 1.4 by 5 wt % hydrochloride acid solution and added into a 1000 mL three-neck flask equipped with a mechanical stirrer. Afterward, a solution with 37.1 g (0.1 mol) of lanthanum chloride heptahydrate and 200 mL of deionized water was added dropwise to the above flask at 50°C under stirring in a nitrogen atmosphere for 4 h. The resulting solids was collected by suction filtration, washed with deionized water, and dried at 70°C to constant weight. The obtained product was lanthanum hypophosphite (LaHP), and cerium hypophosphite (CeHP) was synthesized by the similar method.
Preparation of Flame Retardant PLA Composites. PLA resin, LaHP, and CeHP were dried at 80°C overnight before use. All the samples were prepared by a twin-roll mixing mill (XK-160) at 175°C and the screw rotation speed was 100 rpm. PLA was first added to the mill at the beginning of the blending procedure. After PLA was molten, the additives were then added to the matrix and processed for 10 min until a visually good dispersion was achieved. The mixtures after mixing processing were cut into pellets and then hot-pressed into sheets under 10 MPa for 10 min. The sheets were cut into suitably sized specimens for fire testing. The detailed formulations of the samples are shown in Table 1 .
Measurement and Characterization. XRD patterns were determined using an X-ray diffractometer (MXPAHF). Data acquisition was performed using a scanning speed of 3°/min in the range 3°−60°(2θ).
Thermal gravimetric analysis (TGA) was presented using a Q5000 IR (TA Instruments) thermoanalyzer instrument under nitrogen and air conditions. The weight of all the samples were kept within 5−10 mg. Composites in an open Pt pan were tested at a temperature ranging from room temperature to 800°C with a heating rate of 20°C/min. The LOI tests were measured according to ASTM D2863 by an HC-2 oxygen index meter (Jiangning Analysis Instrument Co.). The specimens used for the test were of the dimensions of 100 × 6.5 × 3 mm 3 . Underwriters Laboratories (UL) 94 testing was carried out on a CFZ-2-type instrument (Jiangning Analysis Instrument Co.) according to according to the American National Standard UL-94 method. The specimens used for the test were of the dimensions of 130 × 13 × 3 mm 3 . Thermal combustion properties of plastics were measured using a microscale combustion calorimeter (MCC, Govmark) according to ASTMD 7309-7. A 4−6 mg portion of each sample was heated from 90 to 650°C at a heating rate of 1°C/ s in a nitrogen stream of 80 cm 3 /min. The volatilized decomposition products in the nitrogen stream were mixed with a 20 cm 3 /min stream of pure oxygen prior to entering a 900°C combustion furnace, and the decomposition products were completely combusted. Heat release rate (HRR) in watts per gram of sample (W/g) was calculated from the oxygen depletion measurements. The total heat release (THR) in kJ/g was obtained by integrating the HRR curve.
Cone calorimeter combustion tests were performed on a cone calorimeter (Fire Testing Technology, UK) according to ISO5660 standard procedures; each sample with dimension 100 × 100 × 3 mm 3 was wrapped in aluminum foil and exposed horizontally to 35 kW/m 2 external heat flux. Differential scanning calorimetry (DSC) test was performed on a TA DSC Q800 under nitrogen at a flow rate of 50 mL/ min. A 5−10 mg portion of each sample was sealed in an aluminum pan, heated to 200°C, and kept at 200°C for 3 min to eliminate thermal history. Then the samples were quenched to 0°C at the maximal cooling rate. The treated samples were reheated from 0 to 200°C with a heating rate of 10°C/min. In this test, glass transition temperature (T g ), cold-crystallization temperature (T c ), melting temperature (T m ), cool-crystallization enthalpy (ΔH c ), and melting enthalpy (ΔH m ) were obtained from the second heating scans. The melting enthalpy of 100% crystalline PLA was taken as ΔH m°= 93 J/g. 25 After considering the effect of flame retardant loading (ϕ), crystallinity was calculated with eq 1: Thermogravimetric analysis−infrared spectrometry (TG− IR) was conducted using the TGA Q500 IR thermogravimetric analyzer that was linked to the Nicolet 6700 FTIR spectrophotometer. About 5−10 mg of the sample was put in an alumina crucible and heated from 30 to 700°C. The heating rate was 20°C/min (nitrogen atmosphere, flow rate of 70 mL/ min).
Char residues of the samples after the cone test were collected and further analyzed by scanning electron microscopy (SEM). The SEM micrographs were obtained with a PHILIPS XL30E scanning electron microscope at an accelerating voltage of 20 kV. The specimens were sputter-coated with a conductive layer.
Fourier-transformed infrared spectra spectroscopy (Nicolet 6700 FT-IR spectrophotometer) was also applied to characterize the residues collected in cone calorimeter tests using a thin KBr disk. The transition mode was used and the wavenumber range was set from 4000 to 400 cm −1 . X-ray photoelectron spectroscopy (XPS) with a VG Escalab Mark II spectrometer (Thermo-VG Scientific Ltd.) using Al Ka excitation radiation (hν = 1253.6 eV) was used to analyze the char residue.
■ RESULT AND DISCUSSION
Characterization of Rare Earth Hypophosphite. FTIR spectra of lanthanum hypophosphite (LaHP) and cerium hypophosphite (CeHP) are shown in Figure 1 . The broad band between 3000 and 3500 cm −1 can be ascribed to the asymmetrical and symmetrical stretching vibrations of O−H bond in the water of crystallization. The band region between 2250 and 2400 cm −1 observed in the two compounds is attributed to PH 2 stretching. 28 The bands at the region of 1050−1250 cm −1 correspond to bending modes of PH 2 . 29 The peak at 1083 cm −1 is attributed to P−O modes. The medium intensity peak at 811 cm −1 can be attributed to the rocking mode of PH 2 . The structural characteristics of LaHP and CeHP were also confirmed by XRD (Supporting Information, Figure  S1 ).
The SEM micrographs of LaHP and CeHP are presented in Figure 2 . The micrographs show rodlike crystals having nonuniform sizes. The rodlike crystal LaHP presents a size of 5−20 μm in length and 0.5−4 μm in width. The rodlike crystal of CeHP is bigger than that of LaHP, and most of the rods present a size of 10−80 μm in length and 2−10 μm in width.
Thermogravimetric analysis was used to further investigate the thermal behaviors of the rare earth hypophosphite. TG and DTG curves of LaHP and CeHP in nitrogen are shown in Figure 3 , and the relative data are listed in Table 2 . The onset of degradation temperature of samples is evaluated by the temperature of 5 wt % weight loss (T −5% ); T max is defined as the temperature at which the samples process the maximal mass loss rate (MMLR). LaHP shows two stages corresponding to T max at 202 and 356°C, respectively. The mass loss of the first stage is 4.9 wt %, and that of the second one is 11.7 wt %. The decomposition process of LaHP could be represented by the two equations as detailed below:
M La or Ce The theoretical mass loss of the first stage is 5.1 wt %, which indicates that the crystal water is completely evaporated. The theoretical mass loss of the second stage is 18.3 wt %, while the experimental one is 11.7 wt %, which indicate that the second stage is partly processed.
Thermal behaviors of the rare earth hypophosphite were further analyzed in air, as shown in Figure 4 , and the related data are listed in Table 3 . It is interesting to find that these two rare earth hypophosphite show significantly different thermal degradation processed in air compared with those in nitrogen. LaHP shows the dehydration process with a T max at 212°C, but it presents two mass increase processes at 340−360 and 750− 800°C. This may come from the oxidation of low-valence phosphorus. This phenomenon also presents in CeHP, which shows two mass increase processes at 330−350 and 740−780°C
, respectively. The decomposition process of rare earth hypophosphite can be described by the following equations:
ad Rare earth hypophosphite first decomposes and releases phosphine and forms M 2 (HPO 4 ) 3 , and then part of the phosphine is quickly oxidized into phosphoric acid at temperatures between 310 and 360°C, which makes part of the phosphorus in the condensed phase. At higher temperatures of 360−450°C, M 2 (HPO 4 ) 3 degrades into rare earth pyrophosphate and releases water. Meanwhile, phosphoric acid dehydrates and releases water, forming polyphosphoric acid.
Thermal Decomposition Behavior. The TG and DTG curves of PLA and FR-PLA composites in nitrogen are given in Figure 5 , and the corresponding data are listed in Table 2 . Pure PLA shows the onset of decomposition temperature (T −5% ) at 353°C, and the thermal decomposition process presents only one stage with a T max at 392°C. Neat PLA leaves almost no char at 800°C.
For the FR-PLA composites containing LaHP, the decomposition process of PLA/10LaHP, PLA/20LaHP, and PLA/30LaHP exhibits two stages. The first stage can be attributed to the decomposition of LaHP, and the second stage corresponds to the decomposition of PLA matrix. PLA/ 10LaHP, PLA/20LaHP, and PLA/30LaHP present an onset of decomposition temperature at 362, 360, and 357°C, respectively, which are all higher than that of PLA and LaHP. All three FR-PLA composites show higher T max2 and lower maximal mass loss rate (MMLR) than that of PLA, implying that FR-PLA presents more stability than PLA. The char residues of PLA/10LaHP, PLA/20LaHP, and PLA/30LaHP are 10.7, 18.8, and 27.6 wt %, respectively. The FR-PLA composites containing CeHP also exhibit excellent thermal stability. The PLA/10CeHP, PLA/20CeHP, and PLA/30CeHP composites present an onset of decomposition temperature at 363, 358, and 356°C, respectively. T max2 values, corresponding to the degradation of PLA matrix, are 397, 396, and 400°C, respectively, which are higher than those of PLA, indicating that CeHP inhibits the degradation of PLA at high temperature. The char residue at 800°C are 10.1, 15.7, and 27.0 wt %, which are lower than those in PLA/LaHP composites.
The decomposition behaviors of PLA and FR-PLA composites are further investigated by TGA in air. TG and DTG curves are shown in Figure 6 , and the corresponding data are listed in Table 3 . Pure PLA presents a one-stage decomposition process with an onset of decomposition temperature (T −5% ) of 342°C and T max of 380°C, indicating that PLA presents a weaker stability in air than that in nitrogen. For PLA/LaHP and PLA/CeHP composites, the onset of decomposition temperature is lower than those in nitrogen. It is interesting to find that T max1 , which corresponds to the release of PH 3 and water, is ambiguous, which is probably due to PH 3 further reacting with water and oxygen in air and its oxidation products state in the condensed phase. And the char residue of FR-PLA composites at 800°C are all higher than those in nitrogen, and this may come from the oxidation process of the char layer, indicating that rare earth hypophosphite can promote the formation of a more stabile char layer in air. Flammability of FR-PLA Composites. UL-94 and LOI tests are performed to determine the flame class of PLA and FR-PLA composites, and the corresponding results are shown in Table 1 . PLA is a flammable polymer with a low LOI value of 19.5 vol %, and it presents no rating in the UL-94 test. When LaHP and CeHP are added into PLA, the LOI of PLA/LaHP and PLA/CeHP is significantly improved. PLA/10LaHP and PLA/20LaHP display LOI values of 24 and 26.5 vol %, respectively, and both of them can reach a V2 rating. A further increase of the LaHP content results in a LOI value of 28.5 vol % and a V0 rating. For the PLA/CeHP composites, PLA/ 10CeHP sample presents a LOI value of 25.5 vol %, but it shows no rating in the UL-94 test. PLA/20CeHP shows a LOI value of 27.5 vol % with a V2 rating in the UL-94 test. A further increase of CeHP, PAL/30CeHP, could meet a UL-94 V0 rating with a higher LOI value of 28.5 vol %. From the above results, it can be concluded that the rare earth hypophosphites LaHP and CeHP could effectively increase the flame retardance of PLA composites. Furthermore, the flame retardant efficiency of PLA/CeHP is much higher compared with that of PLA/ LaHP as determined by the LOI and UL-94 test.
MCC is a thermal combustion analysis instrument that directly measures the heat of combustion of the gases evolved during controlled heating of milligram-sized samples. 30 Several parameters can be obtained from MCC, such as heat release rate (HRR), heat release capacity (HRC), total heat release (THR), etc., which are very important to reflect the combustion properties of materials, allowing a reasonable estimation of fire hazard using small quantities of samples.
In this work, PLA and FR-PLA composites are screened by MCC testing. The heat release rate curves are shown in Figure  7 , and the corresponding data are listed in Table 4 . PLA is a flammable polymer with a sharp peak of heat release rate (pHRR). The pHRR value of PLA is 319 W/g and the THR value is 13.2 kJ/g. The pHRR values of PLA/10LaHP, PLA/ 20LaHP, and PLA/30LaHP are 273, 229, and 180 W/g, respectively, with a reduction of 14.4%, 28.2%, and 43.6% compared with pure PLA. The THR values of these three composites are 12.1, 11.2, and 10.4 kJ/g, respectively.
For PLA/CeHP composites, PLA/10CeHP, PLA/20CeHP, and PLA/30CeHP show pHRR of 245, 216, and 208 W/g, which are similar to those for PLA/LaHP composites. These three composites exhibit THR values of 12.0, 11.2, and 9.8 kJ/ g, respectively.
Moreover, the incorporation of LaHP and CeHP leads to a slight increase in the temperature at pHRR. This phenomenon may arise for the following reasons: The degradation products of rare earth hypophosphite are phosphate and pyrophosphate, which are stable at high temperature. They can form effective physical barrier and suppress the heat and mass exchange between outside and materials.
Cone calorimetry is a useful bench-scale method to investigate the fire behaviors of materials in real-world fire conditions. 31 In this study, cone calorimetry was applied to investigate the effect of LaHP and CeHP content on the flammability of FR-PLA composites, and the corresponding data are listed in Table 5 . Figure 8 presents the HRR curves of PLA and FR-PLA composites. It can be found that the pure PLA shows a sharp HRR peak of 549 kW/m 2 . When 10 wt % LaHP was added, the composite shows two HRR peaks at 378 and 391 kW/m 2 , with a reduction of 31.1 and 28.8%, respectively. PLA/20LaHP and PLA/30LaHP show single pHRR peaks of 385 and 286 kW/m 2 , respectively. For PLA/ CeHP composites, they also show similar phenomenon. PLA/ 10CeHP presents two HRR peaks at 358 and 327 kW/m 2 . PLA/20CeHP also has two HRR peaks at 327 and 290 kW/m 2 , and PLA/30CeHP had only one peak, consistent with PLA/ 30LaHP. This phenomenon is because the low content of the flame retardant was not enough to form a compact protective char layer and the layer ruptured in the burning process.
Differential Scanning Calorimetry. DSC is an important tool for analyzing the crystallization and melting behaviors of polymer, and these parameters are important for evaluating the processing properties of polymers. Figure 9 presents the DSC thermograms during the second heating cycle, and the corresponding data are shown in Table 6 . Virgin PLA shows T g and T m of 62.1 and 167.3°C, respectively. It has no obvious cold crystallization temperature, which is consistent with the relevant research. 19 The incorporation of LaHP and CeHP does not significantly change the T g value of the composites, but the T m value is slightly increased. The T c is also found to be consistent with the above literature. Pure PLA shows a crystallization degree of 3.6%, and the addition of LaHP and CeHP results in a slight increase of crystallization degree. This may come from LaHP and CeHP acting as nucleating agent, thus increasing the crystallization of the composites. The increased crystallization could increase the mechanical properties and solvent resistance of the composites. It is also found that the T m values of FR-PLA composites were 1−2°C higher than those of pure PLA; the increase of T m results from the increase of crystallization. This phenomenon indicates that the incorporation partly increases the heat resistance of FR-PLA composites. The double melting peak in FR-PLA composites may come from the lamellar reorganization, and the melting peak at lower temperature can be assigned to less organized crystals.
Volatilized Products. Identification of volatilized products of PLA and PLA/RaHP composites is investigated by TG−IR technology, which could help in the understanding of the decomposition mechanism. The 3D TG−FTIR spectra of the gas phase in the thermal degradation of PLA, PLA/30LaHP, and PLA/30CeHP are shown in Figure S2 (Supporting Information). The peaks of around 3500−3600, 2700−3000, 2100−2400, 1300−1450, and 1100−1200 cm −1 are noted. In order to further investigate the volatilized products, the major signals of the gas spectra changing with time are separated from the 3D spectra. The spectra are shown in Figure 10 , and the corresponding main peaks are summarized in Table S1 (Supporting Information).
The main evolved gases from PLA decomposition includes the compounds containing −OH (such as water, 3400−3600 cm −1 ), hydrocarbons, CO 2 (2360 cm −1 ), CO, carbonyl compounds, and aromatic compounds. As shown in Figure  10a, Figure  10b presents the evolved gas phase from the thermal decomposition of PLA/30LaHP. In the decomposition process, an amount of gas is released that is almost the same with PLA. However, it is interesting to find a new peak at 2320 cm −1 , which is attributed to PH 3 , 17 which comes from the decomposition of LaHP. Figure 10c shows the volatilized gas phase from the decomposition of PLA/30CeHP. It also has the similar peaks as in PLA/30LaHP. We also find that the maximum characteristic peaks of PH 3 appear at 17.2 min compared with those of PLA/30LaHP at 18.2 min, indicating that CeHP has lower thermal stability compared with LaHP.
In order to further investigate the difference between PLA and PLA/LaHP composites, the Gram−Schmidt (GS) curves and pyrolysis products vs time are revealed in Figure 11 . As shown in Figure 11a , the GS curves of PLA/30LaHP and PLA/30CeHP show lower intensity compared with that of PLA. Also, other gases, including H 2 O, hydrocarbons, carbonyl compounds, and aromatic compounds of PLA/rare earth hypophosphite (REHP), all present lower intensity compared with PLA. This may stem from the following reasons: first, the compact layer resulting from the decomposition of REHP can act as a physical barrier, which could decrease the decomposition rate of molecular PLA and prohibit the gas diffusion. Second, the lanthanum and ceric ion could act as catalyst and promote the reaction of the volatilized products.
Residue Analysis. In order to further understand the mechanism of improved PLA/REHP composites, the residues from cone calorimeter test were analyzed by SEM (Figure 12 ). It is interesting to find that many holes existed in the residue char of PLA/10LaHP (Figure 12a ). When 20 wt % of LaHP was added, the holes became fewer (Figure 12b) . A further increase of LaHP results in a compact layer in the char residue of PLA/30LaHP. A similar phenomenon is also found for the PLA/CeHP composites. The holes may result from the impact of gas-phase products of the composites.
Char residues of PLA/30LaHP and PLA/30CeHP were further investigated by FTIR, and the corresponding spectra are shown in Figure 13 . The peak at 3415 cm −1 is attributed to absorbed water. The weak peaks at 2927 and 2856 cm −1 correspond to symmetrical stretching and asymmetrical stretching of −CH 2 − group, indicating that the addition of REHP could prohibit the degradation of the PLA chain. The peaks at 1627 and 773 cm −1 indicate the aromatic structure in the residue char. The band at 1170 cm −1 corresponds to the P− O−C structure, and the wide peaks from 1000 to 1120 cm can be ascribed to the stretching vibration of PO 2 /PO 3 in phosphate−carbon complexes. The peaks at 1070 cm −1 belong to the stretching vibrations of the P−O−P bond, and this indicates that some phosphate groups link to each other by sharing one oxygen atom. 12 The band at around 534 cm −1 can be ascribed to La−O and Ce−O bond stretching modes. 29 The char residues of PLA/30LaHP and PLA/30CeHP were also investigated by XPS, and the corresponding spectra are presented in Figure 14 . The char residue of PLA/LaHP contains four elements, C, O, P, and La. C and P are detected in the condensed phase, which comes from the phosphine in gas phase being further oxidized in phosphoric acid and the phosphoric acid promoting the carbonization process of the PLA chain. 19 Compared with the residue char of PLA/30LaHP, the PLA/30CeHP has a higher C content, indicating that CeHP presents a better flame retardance, which is consistent with the LOI test.
■ CONCLUSIONS
Two rare earth hypophosphites (REHP), lanthanum hypophosphite (LaHP) and cerium hypophosphite (CeHP), were successfully synthesized as new halogen-free flame retardants for PLA. A series of FR-PLA composites were prepared by the melt blending method. Thermal gravimetric analysis was employed to investigate the thermal behavior of REHP and FR-PLA composites. They all showed different thermal behavior in an oxidative environment compared those in a nitrogen atmosphere. The results obtained from MCC indicated that the addition of REHP resulted in a significant decrease in pHRR value, which was consistent with the cone calorimeter test. The LOI of FR-PLA composites were increased to 28.5 vol %, and a UL-94 V0 rating was passed with 30 wt % REHP loading. The TG−IR test revealed that the incorporation of REHP significantly decreased the intensity of the gas phase. The char residue analysis confirmed that the addition of REHP promoted the carbonization process of the PLA chain. All of the above tests indicated that REHP provided a new strategy for the preparation of flame-retarded PLA composites.
■ ASSOCIATED CONTENT * S Supporting Information Figure S1 shows XRD patterns of LaHP and CeHP; Figure S2 shows 3D TG-FTIR spectra of the gas phase in the thermal degradation of PLA and FR-PLA composites: (a) neat PLA, (b) PLA/20LaHP, and (c) PLA/20CeHP; and Table S1 compiles assignments of FTIR spectra of volatilized products in PLA and FR-PLA composites. This material is available free of charge via the Internet at http://pubs.acs.org.
